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ABSTRACT
Measuring the properties of protoplanetary disks around brown dwarfs is central to under-
standing the formation of brown dwarfs and their planetary companions. We present model-
ing of CFHT Tau 4 and 2M0444, two brown dwarfs with protoplanetary disks in the Taurus
Molecular Cloud. By combining modeling of the spectral energy distributions and ALMA
images, we obtain disk radii and masses for these objects; these parameters can be used to
constrain brown dwarf formation and planet formation, respectively. We find that the disk
around CFHT Tau 4 has a total mass of 0.42 MJup and a radius of 80 au; we find 2M0444’s
disk to have a mass of 2.05 MJup and a radius of 100 au. These radii are more consistent with
those predicted by theoretical simulations of brown dwarf formation via undisturbed con-
densation from a mass reservoir than those predicted by ejection from the formation region.
Furthermore, the disk mass of 2M0444 suggests that planet formation may be possible in this
disk, although the disk of CFHT Tau 4 is likely not massive enough to form planets. The disk
properties measured here provide constraints to theoretical models of brown dwarf formation
and the formation of their planetary companions.
Keywords: brown dwarfs - planets and satellites: formation - protoplanetary disks - stars:
formation
1. INTRODUCTION
Since the discovery of the first brown dwarf (BD)
by Rebolo et al. (1995), the formation mechanism
of these substellar (M < 0.08 M) objects has
been the subject of much debate. Why BDs do
not accrete enough mass to become fully fledged
stars is still unknown. Potential formation mecha-
nisms of BDs can be grouped into two categories.
In the first category, hereafter “non-ejection,” the
BD condenses from its mass reservoir without sig-
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nificant disruption (Hennebelle & Chabrier 2009;
Andre´ et al. 2012; Riaz et al. 2018), though some
of the material may be dispersed and/or accreted by
other nearby objects or the BD itself. In the second
category, hereafter “ejection,” the BD is separated
abruptly from the mass reservoir via an impul-
sive interaction with one or more stars (Reipurth
& Clarke 2001; Bate et al. 2003; Basu & Vorobyov
2012; Stamatellos & Whitworth 2009). In the case
that the BD condenses out of a disk, when ejected,
the BD may already have ceased growing by ac-
cretion since the BD can only accrete the mass in
a small range of angular momentum. These two
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2formation mechanisms are not mutually exclusive;
it may be the case that some BDs form via non-
ejection, and others form via ejection. See Luh-
man (2012) and Whitworth (2018) for a complete
overview of BD formation mechanisms.
BDs are known to harbor protoplanetary disks of
gas and dust (Comeron et al. 1998; Natta & Testi
2001; Muench et al. 2001; Natta et al. 2002). In
many ways, these disks are similar to those found
around young stellar objects (e.g., T Tauri stars),
although BD disks are usually smaller (Hendler et
al. 2017). In both cases, the disks are typically flat
(Scholz et al. 2007), show signs of grain growth
in their inner regions (Sterzik et al. 2004; Apai et
al. 2005; Meru et al. 2013; Pinilla et al. 2013), and
some show evidence of inner disk clearing (Muze-
rolle et al. 2006). The disk fractions exhibited
by stars are similar to the disk fractions observed
for BDs, which may indicate a similar formation
mechanism for the two populations (Luhman et al.
2005).
Notably, studying these disks can constrain the
mechanism via which the BDs formed. If a BD
formed according to one of the ejection theories,
its disk may have been truncated in close encoun-
ters during the ejection process and would thus
have a smaller radius (usually < 40 au, Bate et al.
2003; Bate 2009, 2012). A larger disk radius, on
the other hand, would indicate that the BD more
likely formed via the non-ejection scenario with-
out any environmental factors to truncate the disk.
Using ALMA continuum observations to measure
the radii of BD disks can lend credence to one of
the two methods of BD formation.
BDs have also been observed to have planetary-
mass companions (Han et al. 2013; Udalski et al.
2015; Shvartzvald et al. 2017). Planets are known
to be common around M dwarf stars (Dressing
& Charbonneau 2013; Bonfils et al. 2013), which
may indicate that planets are also common around
BDs. Protoplanetary disks around BDs are thought
to potentially be sites of planet formation (Apai
et al. 2005). Thus, constraints on planet forma-
tion around BDs can be determined by studying the
properties of their protoplanetary disks. In particu-
lar, the mass of the planet(s) that can form around
the object can be determined by calculating how
much mass is present in the disk. In BD disks
with a few Jupiter masses of material, enough ma-
terial is present for planets of a few Earth masses to
form; the mass of potential planets decreases as the
mass of the disk decreases (Payne & Lodato 2007).
Here we present measurements of the radius
and mass for two protoplanetary disks around
BDs in the Taurus Molecular Cloud. These ob-
jects, 2MASS J04394748+2601407 and 2MASS
J04442713+2512164 (hereafter CFHT Tau 4 and
2M0444, respectively), are two of the bright-
est BD disk systems and have been observed at
many wavelengths; hence, they are ideal targets
for this study. Both objects have been shown
to have excess emission at infrared and millime-
ter wavelengths, indicating the presence of cir-
cum(sub)stellar disks: millimeter-wavelength dust
emission (Klein et al. 2003) and mid-infrared
excess (Pascucci et al. 2003) indicate the pres-
ence of a disk around CFHT Tau 4; excess mid-
infrared (Guieu et al. 2007) and millimeter emis-
sion (Scholz et al. 2006) imply a disk surrounding
2M0444. Both objects were classified as class II
objects by Luhman et al. (2010) based on their
spectral slopes.
Apai et al. (2004) obtained mid-infrared obser-
vations of CFHT Tau 4 and, by modeling the 10
µm silicate emission feature, determined that both
grain growth and dust settling had occurred in the
disk. The spectral energy distribution (SED) of
CFHT Tau 4 was fit by Hendler et al. (2017), who
obtained a value of 5.2 × 10−3 MJup for the mass
of dust in the disk. Hendler et al. (2017) also
present a value of 78+43−66 au for the disk radius,
but without high-resolution interferometry obser-
vations, the uncertainties on the value are large.
The SED of 2M0444 was previously fit by Bouy
et al. (2008); however, without high-resolution
millimeter observations, they were unable to con-
3strain the outer radius of the disk. Ricci et al.
(2013) presented the first high resolution (0.16′′)
millimeter-wavelength observations of 2M0444,
spatially resolving thermal dust emission from a
BD disk for the first time. These observations
placed a lower limit of a few tens of au on the
outer radius of this disk. Both of these studies
found evidence of dust grain growth to millimeter
sizes in the disk of 2M0444.
By combining SED models with high-resolution
interferometry data, we are able to impose better
constraints on the mass and radius of the disks of
CFHT Tau 4 and 2M0444. Section 2 describes the
ALMA observations used in this work. In Section
3, we explain our modeling process and the results
obtained. We interpret these results in Section 4
and present a summary of our conclusions in Sec-
tion 5.
2. OBSERVATIONS
Archival ALMA Band 7 (0.89 mm) contin-
uum observations of the two BDs were used in
this analysis. Observations of CFHT Tau 4 were
taken in Cycle 4 on 2017 July 6 (project code:
2016.1.01511.S) using 42 antennas in the 12 m ar-
ray. Observations of 2M0444 were taken in Cycle
3 on 2016 July 24 (project code: 2015.1.00934.S)
using 39 antennas in the 12 m array. Two 2 GHz
spectral windows were used to obtain the contin-
uum emission for each object. For CFHT Tau
4, the spectral windows were centered on 333.806
GHz and 343.911 GHz; for 2M0444, 332.013 GHz
and 344.013 GHz. The total integration time was
4.5 minutes for CFHT Tau 4 and 46 minutes for
2M0444. Baselines ranged from 17 m to 2600 m
for CFHT Tau 4 and 15 m to 1100 m for 2M0444.
The data were calibrated using the Common As-
tronomy Software Applications (CASA) package
(version 5.1.2; McMullin et al. 2007). The quasar
J0510+1800 was observed as a flux and band-
pass calibrator for both objects. This quasar was
also used for phase calibration of 2M0444; an-
other quasar, J0438+3004, was used to calibrate
the phase of CFHT Tau 4. We used the calibration
scripts as provided by ALMA staff in the archive
with no additional flagging required. Deconvolved
images were obtained using the task CLEAN with
natural weighting in CASA. The resulting synthe-
sized beam size for CFHT Tau 4 is 0.′′24×0.′′12 (po-
sition angle = −52.47◦), with an rms of 0.13 mJy
beam−1, giving a peak S/N of 14. For 2M0444, the
resulting beam size is 0.′′28× 0.′′19 (position angle
= −31.02◦), with an rms of 0.09 mJy beam−1, pro-
ducing a peak S/N of 60.
3. ANALYSIS AND RESULTS
In order to fully characterize the disks of CFHT
Tau 4 and 2M0444, our analysis consisted of two
elements: fitting models to the SEDs and modeling
the ALMA visibilities. Although described sep-
arately here for clarity, these two elements were
modeled simultaneously so as to be self-consistent.
A summary of the substellar properties is shown in
Table 1.
3.1. Modeling Procedure
3.1.1. SED Fitting
The disk structure for each object was modeled
in order to fit the SED of each BD (Figure 6) and
constrain the disk properties, particularly the disk
mass. The SEDs were constructed using photo-
metric data points from visible to millimeter wave-
lengths taken from the VizieR catalogue access
tool (Ochsenbein et al. 2000). See Table 2 for com-
plete lists of the photometry points in each SED.
The SED of 2M0444 also includes a low resolu-
tion (R ∼ 60–130) spectrum from the InfraRed
Spectrograph (IRS) on the Spitzer Space Telescope
(Houck et al. 2004).
The disk structure is modeled using the D’Alessio
Irradiated Accretion Disk (DIAD) radiative trans-
fer models (D’Alessio et al. 1998, 1999, 2001,
2005, 2006) which have previously been used to
model BD SEDs (e.g., Morrow et al. 2008; Adame
et al. 2011). The DIAD models enforce hydro-
static equilibrium to self-consistently calculate the
vertical and radial structure of each disk. The disk
is also assumed to be irradiated by the central BD.
4Table 1. Object Parameters
Object Spectral Type Temperature AV Luminosity Mass Radius Distance
(K) (L) (M) (R) (pc)
CFHT Tau 4 M7±1 2880+175−165 5.67
±0.89 0.175+0.054−0.041 0.095
+0.056
−0.012 1.68
+0.03
−0.02 147.1
±5.1
2M0444 M7.25±0.25 2838+42−128 0.0
+0.48 0.028+0.005−0.004 0.05 0.69
+0.06
−0.07 141.0
±2.7
NOTE—Spectral types are from Luhman et al. (2010) for CFHT Tau 4 and Luhman (2004) for 2M0444. All
values for CFHT Tau 4 are from Andrews et al. (2013). Temperature and luminosity for 2M0444 are from
Luhman (2004); mass for 2M0444 is from Ricci et al. (2013); extinction for 2M0444 is from Bouy et al.
(2008). Distances are derived from Gaia DR2 parallax measurements (Gaia Collaboration et al. 2016, 2018).
Dust in the disk is modeled in two populations:
small dust grains in the atmosphere of the disk and
large dust grains in the disk midplane. Dust parti-
cle sizes are distributed according to a power law
with a power of –3.5 (Mathis et al. 1977). The
minimum grain size for both populations is fixed
at 0.005 µm; the maximum grain sizes for the
two populations are free parameters in the model
(amax,atm and amax,mid). The disk surface density
(Σ), important for calculating disk mass, is deter-
mined by the mass accretion rate (M˙ ) and disk vis-
cosity (α; Σ ∝ M˙α−1). α is a free parameter in the
DIAD model. We fixed M˙ at 2 × 10−10 M yr−1
for 2M0444 (Bouy et al. 2008); no M˙ has been
measured for CFHT Tau 4, so we adopt a value of
1 × 10−10 M yr−1. We set the temperature of the
inner edge or “wall” of the disk (Twall,in) to that of
the dust destruction temperature, which we assume
to be 1400 K. Other free parameters are the inner
wall scale height (Hin), disk outer radius (Rout, see
section 3.1.2), inclination (i), and dust settling ().
We assumed a fixed dust-to-gas mass ratio of 0.01.
In order to model a pre-transitional disk, the disk
structure can be modified to include an annular gap
within the disk following Espaillat et al. (2011). In
this case, we have both an inner wall and an outer
wall. The outer wall has a temperature of Twall,out
and a scale height of Hout.
The photospheres are constructed using the
Kenyon & Hartmann (1995) color table and the
dereddened observed J-band magnitude of the ob-
ject. Note that although both objects have spec-
tral types of M7 or later, the latest spectral type
in the Kenyon & Hartmann (1995) color table is
M6, so a spectral type of M6 was adopted for both
objects when constructing their photospheres. Al-
though the Pecaut & Mamajek (2013) color table
extends to spectral type M9, the table is incom-
plete at infrared wavelengths beyond K-band for
spectral types later than M5. The Pecaut & Ma-
majek (2013) spectral type M7 colors and Kenyon
& Hartmann (1995) spectral type M6 colors show
good agreement within 10% uncertainty; thus, we
opted to use the more complete Kenyon & Hart-
mann (1995) table. We scale the colors to the
J-band magnitude of each BD, then interpolate to
obtain the emission from the photosphere at each
wavelength.
Given the complexity of DIAD, running disk
models is computationally expensive. This ex-
pense renders common statistical methods of es-
timating best-fit model parameters and their uncer-
tainties (e.g., Markov-Chain Monte Carlo meth-
ods, Levenberg-Marquardt χ2 minimization, etc.)
unfeasible. We ran grids of models and determined
the best-fit parameters by selecting models with
minimum χ2, visually inspecting the model fits,
and iteratively refining the grids. We varied the
free parameters over the following ranges: 0.25–
1.0 µm for amax,atm, 500 µm–1 cm for amax,mid,
0.001–0.1 for , 75–1400 K for Twall,out, 0.0001–
0.01 for α, 30–100 au for Rout, and 25◦–80◦ for i.
5Additionally, our models of resolved ALMA con-
tinuum observations (Section 3.1.2) allowed us to
further constrain the SED model parameters. The
ranges of uncertainties presented in Table 3 should
not be considered an accurate quantitative estimate
of the uncertainties, but rather a qualitative approx-
imation to the range of possible values of the pa-
rameters.
3.1.2. ALMA Data
Fitting models to ALMA continuum images of
protoplanetary disks can help constrain the disk ra-
dius and geometry (inclination and position angle
(PA)). Following Macı´as et al. (2018), we mod-
eled the ALMA Band 7 data described in Section
2. Using the best-fit SED models described in Sec-
tion 3.1.1, we constructed images of both objects
in each spectral window. We then used the CASA
package (McMullin et al. 2007) to simulate the
ALMA data by Fourier transforming the synthetic
model images and sampling them with the uv cov-
erage of the observations. Three parameters were
adjusted to improve the fit of the model image to
the data: inclination, position angle, and radius.
Contours of the models and the ALMA observa-
tions were compared to assess the model fit. See
Figure 1 for data contours, model contours, and
residuals.
Table 2. Photometry
Wavelength (µm) Flux (mJy) Notes
CFHT Tau 4 2M0444
0.352 ... 0.0193 SDSS:u
0.444 ... 0.0740* Johnson:B
0.468 ... 0.0888* POSS-II:J
0.478 1.59x10−3 0.0945 PAN-STARRS/PS1:g
0.482 2.57x10−3* 0.0534 SDSS:g
0.613 0.0302 0.384 PAN-STARRS/PS1:r
0.625 0.0410 0.259 SDSS:r
0.640 0.0746* 0.592* POSS-II:F
0.749 0.349 3.79 PAN-STARRS/PS1:i
0.764 0.544 2.07 SDSS:i
0.784 1.06* 4.44* POSS-II:i
0.866 1.75 9.92 PAN-STARRS/PS1:z
0.882 2.23 10.5 UKIDSS:Z
0.902 3.44 8.85 SDSS:z
0.960 4.89 14 PAN-STARRS/PS1:y
1.031 8.15 22.6 UKIDSS:Y
1.240 21.4 20.9 2MASS:J
1.249 20.5 34.8 UKIDSS:J
Table 2 continued
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Table 2 (continued)
Wavelength (µm) Flux (mJy) Notes
CFHT Tau 4 2M0444
1.251 21.7 21.4 Johnson:J
1.631 40.6 29.5 Johnson:H
1.651 41.5 30 2MASS:H
2.165 49.7 33.5 2MASS:Ks
2.192 47 32.5 Johnson:K
2.202 ... 38.2 UKIDSS:K
3.352 36.3 29.4 WISE:W1
3.552 42.8 38.3 Spitzer/IRAC
4.496 42.3 37.5 Spitzer/IRAC
4.603 44 31 WISE:W2
5.735 41.8 38.4 Spitzer/IRAC
7.878 49.6 51.9 Spitzer/IRAC
11.568 44 57.4 WISE:W3
22.106 72.6 158 WISE:W4
23.691 74.8 136 Spitzer/MIPS
70.048 109 ... Herschel/PACS
71.469 ... 153* Spitzer/MIPS
156.006 ... 152 Spitzer/MIPS
160.111 150 ... Herschel/PACS
450.308 ... 36* SCUBA
849.858 10.8* ... SCUBA-2
887.574 4.30 9 ALMA Band 7
1300.898 2.38* 5.2 IRAM
1333.333 2.0* 4.9 SMA
3225.806 ... 0.87 ALMA Band 3
6799.637 ... 0.159 VLA Q Band
9099.181 ... 0.071 VLA Ka Band
13599.275 ... 0.064 VLA K Band
NOTE—Uncertainties in flux measurements are typically below 10%.
Fluxes denoted by an asterisk (*) have uncertainties between 10% and
40%.
Comparing contours by eye allowed us to
broadly constrain the inclination, position angle,
and radius of the disks, but radial profiles pro-
vided a more rigorous test of the model fits. These
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Figure 1. ALMA observations (left), models (center) and residuals (right) for CFHT Tau 4 (upper) and 2M0444
(lower). For CFHT Tau 4, the synthesized beam = 0.′′24x0.′′12 (PA = −52.47◦); contour levels are –5, –3, 3, 5, 9, 20,
30, 40, 50, 60, 70, and 80 times the rms of 1.3 mJy beam−1. For 2M0444, the synthesized beam = 0.′′28 × 0.′′19 (PA
= −31.02◦); contour levels are –5, –3, 3, 5, 9, 20, 30, 50, 70, 90, and 110 times the rms of 0.09 mJy beam−1.
profiles are constructed by finding the average in-
tensity in elliptical rings in the object.
We constructed radial profiles for both the ob-
served ALMA data and for our models. The ob-
served and best-fit model radial profiles for CFHT
Tau 4 are shown in Figure 2 and the best-fit model
radial profile for 2M0444 is shown in the right
panel of Figure 3. We varied disk radius, posi-
tion angle, and inclination for each object until the
model profile was within 1σ of the observed profile
and the residuals were minimized.
As a final test of our models, we compared ob-
served ALMA visibilities to our simulated model
visibilities. Visibilities are complex numbers, so
we plot the real part of the visibilities against the
deprojected distance in the uv plane. Note that
larger uv distances correspond to longer baselines
and thus finer angular resolution.
Plots of the observed and modeled visibilities
are shown in Figures 4 (for CFHT Tau 4) and 5
(for 2M0444). In Figure 5, we present the mod-
eled visibilities for 2M0444 with a full disk and
a pre-transitional disk. This side-by-side compari-
son confirms that a pre-transitional disk model re-
produces the observed visibilities of 2M0444 much
better than our full-disk model.
3.2. Model Results
The SED of CFHT Tau 4 is well fit by our full-
disk model (Figure 6). The BD dominates the SED
in the optical through NIR wavelengths until ∼5
microns where excess emission above the photo-
sphere due to the disk becomes apparent. The pa-
rameters of the best-fitting model are shown in Ta-
ble 3. The total disk mass was computed by inte-
grating over the surface mass density of the disk
(as determined by M˙ and the best-fit α) over the
radius of the disk. The total mass of the disk of
CFHT Tau 4 was calculated to be 0.42 MJup (133
M⊕), assuming a dust-to-gas mass ratio of 0.01.
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Figure 2. Radial profiles for CFHT Tau 4. The ob-
served profile is shown by the dot-dashed black line
with a 1σ uncertainty shown by the blue shaded region.
The model profile is shown by the red line. Residuals
are shown by the gray dotted line, with a 3σ uncertainty
shown by the gray shaded region and 0 denoted by the
dashed line.
The SED of 2M0444 shows significant excess
emission above the photosphere, particularly at
mid-IR wavelengths, that could not be reproduced
by a full-disk model. This mid-IR excess is consis-
tent with that expected from a pre-transitional disk
(Espaillat et al. 2007). Thus, we model 2M0444
as a pre-transitional disk by including a gap in the
disk. In Figure 6, we show the pre-transitional
disk model fit, separately plotting the emission
from the inner and outer disk. The outer wall
is illuminated by the BD and emits brightly in
the mid-IR. We note that the ∼1 micron emission
from the outer disk is dominated by scattered light.
Best-fit model parameters are presented in Table
3. We also found that increasing the luminosity
of 2M0444 within the reported uncertainties im-
proved the overall SED fit, so we adopt a luminos-
ity value of 0.033 L. The total disk mass based on
these model parameters was calculated to be 2.05
MJup (652 M⊕).
We find that the best-fit radial profile model for
CFHT Tau 4 has a disk radius of 80 au, a position
angle of 40◦, and an inclination of 70◦. This incli-
nation agrees reasonably well with Hendler et al.
(2017) and Ricci et al. (2014), who both find CFHT
Table 3. Best-Fit Parameters
Parameter CFHT Tau 4 2M0444
amax,atm (µm) 0.25+0.25−0 1.0±0.25
amax,mid (µm) 3000±2000 5000±2000
Dust to gas mass ratioa 0.01 0.01
 0.007+0.003−0.002 0.05
+0
−0.04
Hin 1.0+1−0 4.0±1
Hout ... 10.0±1
Twall,ina (K) 1400 1400
Twall,out (K) ... 400±50
Rwall,inb (au) 0.07 0.07
Rwall,outb (au) ... 0.27±0.1
Rout (au) 80±10 100±10
α 0.0007±0.0001 0.00046±0.00001
M˙ c (M yr−1) 1x10−10 2x10−10
Mdiskd (MJup) 0.42+0.08−0.05 2.05
+0.07
−0.06
i (◦) 70±10 40±10
PA (◦) 40±10 70±10
aFixed to typically assumed values.
bCalculated using Twall following D’Alessio et al. (2005).
cFixed. We adopt M˙ for 2M0444 from Bouy et al. (2008) and
assume a low M˙ for CFHT Tau 4 (see Section 3.1.1).
dCalculated using M˙ and α following D’Alessio et al. (2005)
Tau 4 to have an inclination of 75◦–80◦. The disk
radius also agrees well with previous results; see
Section 4.1 for a complete discussion.
We find that the best-fit radial profile for 2M0444
has a disk radius of 100 au, a position angle of 70◦,
and an inclination of 40◦. This inclination is con-
sistent with Bouy et al. (2008), who claim it should
be less than 55◦. A complete discussion of the disk
radius is given in Section 4.1.
4. DISCUSSION
4.1. Disk Radius and BD Formation
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Figure 3. Radial profiles for 2M0444 with a full disk model (left) and a pre-transitional disk model (right). The
observed profile is shown by the dashed black line with a 1σ uncertainty shown by the blue shaded region. The model
profile is shown by the red line. Residuals are shown by the gray dotted line, with a 3σ uncertainty shown by the gray
shaded region.
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Figure 4. Observed visibilities of CFHT Tau 4 (blue points) compared to modeled visibilities (red line).
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Full disk
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Figure 5. Observed visibilities of 2M0444 compared
to modeled visibilities for a full-disk model (top) and
a pre-transitional disk model (bottom). Red lines indi-
cate modeled visibilities and blue points show observed
visibilities.
The disk radii we obtain for CFHT Tau 4 and
2M0444 agree well with previous studies. Using
radiative transfer models to fit the SED of CFHT
Tau 4, Hendler et al. (2017) obtained a disk radius
of 78+43−66 au. Ricci et al. (2014) used 0.
′′47 reso-
lution continuum ALMA observations to place a
lower limit of 80 au on the disk radius of CFHT
Tau 4. Our value of 80 au agrees with both of
these results. The disk radius of 2M0444 was
constrained by Bouy et al. (2008) and Ricci et al.
(2013), both of whom determined via SED mod-
eling that the radius of the disk must be greater
than 10 au. Bouy et al. (2008) adopted a value
of 300 au for the disk radius, but they note that
disk radius is not well constrained with submil-
limeter/millimeter photometry alone. Ricci et al.
(2014) obtain a value of 139+20−27 au for the disk ra-
dius of 2M0444 by modeling ALMA data. We find
the radius to be somewhat smaller at 100 au but still
in good agreement with their lower limits.
The disk radii obtained from this analysis point
toward a non-ejection formation mechanism for
these BDs, consistent with previous studies by
Ricci et al. (2013, 2014). In the ejection scenar-
ios suggested by Reipurth & Clarke (2001) and
Bate et al. (2003), protoplanetary disks around
BDs would be truncated to smaller radii via inter-
actions between the disk and BD as well as inter-
actions within the disk itself. Bate (2012) showed
that in this scenario, only 20% of disks around
BDs would have radii greater than 40 au and .
10% of disks would have radii greater than 100 au.
Given the large radii of the disks presented here,
it is unlikely that these objects formed via ejec-
tion. However, once an ejected BD becomes “free-
floating”, its remaining disk is expected to spread,
and in doing so be accreted onto the BD on a time-
scale determined by the effective viscosity in the
disk (Lynden-Bell, & Pringle 1974; Pringle 1981).
Over this time, the mass of the disk will decrease
by about an order of magnitude, so its surface den-
sity will go down by a factor of ∼1000, and the IR
and mm emission will decrease. The selection ef-
fects resulting from the evolution of the disk, and
the timescale on which this evolution occurs, make
firm conclusions difficult.
The disks studied here are among the brightest
protoplanetary disks around BDs. It is possible that
these disks may also be among the largest, and thus
other, fainter, disks may be smaller and more likely
to have formed via ejection. Testi et al. (2016) ob-
served 17 BDs and very-low-mass stars in ρ Ophi-
uchus, of which 11 were found to have disks; of
these 11 disks, only 2 were resolved well enough
to measure the disk radii. The resolved disks were
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Figure 6. Best-fit SED models for CFHT Tau 4 (left) and 2M0444 (right). CFHT Tau 4 is modeled as a full disk and
2M0444 is modeled as a pre-transitional disk. Photometry is shown by open circles. For each object, the total model
is shown by a solid black line, the adopted photosphere is shown by a blue dashed line and the disk emission is shown
in green. For 2M0444, the inner disk component is shown in red. Both SEDs are dereddened (AV given in Table 1).
found to have radii of ∼ 20 au, and the radii of the
unresolved disks may be even smaller. Testi et al.
(2016) claim that most BD disks may fall into this
smaller radius range and only the brightest disks
extend to larger radii, which follows the distribu-
tion presented by Bate (2012). Furthermore, Testi
et al. (2016) suggest that the larger radii of CFHT
Tau 4 and 2M0444 may be accounted for by the
older age and lower density of the Taurus Molec-
ular Cloud. More high-resolution ALMA data of
faint BD disks will allow us to measure the radii of
these disks to determine whether CFHT Tau 4 and
2M0444 are outliers.
4.2. Disk Mass and Planet Formation
Using the DIAD model, as described in Section
3.1.1, we calculate the total disk masses of CFHT
Tau 4 and 2M0444 to be 0.42 MJup (133 M⊕) and
2.05 MJup (652 M⊕), respectively. Given uncer-
tainties in the dust-to-gas mass ratio, we compare
the dust masses we find to previously reported val-
ues. We find the dust mass of CFHT Tau 4 to
be 0.0042 MJup (1.33 M⊕) and the dust mass of
2M0444 to be 0.0205 MJup (6.52 M⊕). Klein
et al. (2003) found the dust mass of CFHT Tau
4 to be 1.4–7.6 M⊕, consistent with our value.
From their 1.3 mm flux measurement, Scholz et al.
(2006) find the dust disk mass of CFHT Tau 4 to be
0.0071 ± 0.0022 MJup. We find the dust mass of
CFHT Tau 4 to be 0.0042 MJup, which is slightly
lower but still in reasonable agreement with the
Scholz et al. (2006) value. Our value for the mass
of 2M0444 is also consistent with previous mea-
surements. From their SED fit for 2M0444, Bouy
et al. (2008) find the disk of 2M0444 to have a
dust mass on the order of 0.01 MJup; Scholz et al.
(2006) obtained a dust mass of 0.0225 ± 0.0027
MJup based on their 1.3 mm flux observation.
We can assess whether planet formation is likely
to occur in these BD disks by comparing our re-
sults to the core accretion models in Payne &
Lodato (2007). Their simulations form Earth-mass
planets frequently around BDs with disks of a few
Jupiter masses of material; however, the simula-
tions very rarely produced planets in BD disks
with only a fraction of the mass of Jupiter. Payne
& Lodato (2007) suggest that the lower disk sur-
face density in the less massive disks accounts
for the deficit of planets. Based on this result,
the disk of 2M0444 contains just enough material
for Earth-mass planet formation to occur. How-
ever, CFHT Tau 4 is unlikely to form Earth-mass
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planets, given that its total mass is less than 1
MJup. Neither object contains enough material
for Jupiter-mass planets to form, which could sug-
gest that observed gas giant companions to BDs
(e.g., Chauvin et al. 2004; Joergens & Mu¨ller 2007;
Todorov et al. 2010; Han et al. 2013) do not form
in protoplanetary disks and instead must form via
some other mechanism. Many of these observed
Jupiter-mass companion systems have large mass
ratios and wide separations, which may indicate
that such systems form via gravitational fragmen-
tation of massive primordial disks (Lodato et al.
2005).
Previous work has found other protoplanetary
disks to be similar to CFHT Tau 4 in that they are
not massive enough to form planets. For example,
Testi et al. (2016) find that most of the BD disks
in their sample contain only ∼ 1 M⊕ of dust. This
result is also consistent with other studies, e.g., Na-
jita & Kenyon (2014), who found that the masses
of protoplanetary disks around T Tauri stars are too
small to explain known planetary systems. Given
these findings and its large radius, 2M0444 may be
an outlier in its ability to form planets. The forma-
tion of observed planets around BDs and very-low-
mass stars (e.g., the TRAPPIST-1 system; Gillon et
al. 2016, 2017) thus remains mysterious: If only a
small fraction of protoplanetary disks are massive
enough to form planets, why are planetary systems
commonly observed?
Our results could still be consistent with the
presence of planetary systems around BDs if a
planet has already formed in the disk. Rapid planet
formation has also been proposed by Manara et
al. (2018), who suggest planet formation within
<0.1–1 Myr. Evidence of dust processing and set-
tling in young (∼ 1 Myr old) disks (e.g., Grant
et al. (2018) and references therein) also supports
planet formation on timescales of <1 Myr. Fur-
thermore, planet formation on these timescales is
consistent with observations of ring substructures
in young protoplanetary disks, such as in HL Tau
(< 1 Myr old, ALMA Partnership et al. 2015).
Similarly, a significant fraction of the dust mass
may be in bodies smaller than planets but larger
than ∼ 1 m, which do not contribute to the dust
emissivity at millimeter wavelengths.
Alternatively, the disks may be replenished by
gas and small dust grains from the surrounding in-
terstellar medium throughout their lifetimes such
that the overall amount of planet-forming material
is greater than that present in the disk at any one
time (Manara et al. 2018, and references therein).
Observations of Class 0/I objects will help assess
these theories.
It is important to note that the mass discrep-
ancy may simply be due to uncertainties in mass
determination (Bergin & Williams 2018). How-
ever, Manara et al. (2018) argue that the uncer-
tainty in disk masses would need to be system-
atically underestimated by an order of magnitude
or more, which would conflict with other observa-
tions. Specifically, higher disk mass would conflict
with the observed agreement between current disk
mass estimates and mass accretion rates with the-
oretical expectations (Manara et al. 2016; Rosotti
et al. 2017; Lodato et al. 2017). Furthermore, the
observed faint CO lines in disks would be difficult
to explain with increased disk mass (Miotello et al.
2017; Long et al. 2017).
4.3. Gap in the Disk of 2M0444
We find that the disk of 2M0444 is best fit with
a pre-transitional disk model with a gap in the
disk from 0.02 au to 0.27 au. Transitional disks
(i.e., disks with holes with large depletions of
dust in the inner disk) have been previously in-
ferred around one BD based on its SED (2MASS
J03445771+3207416; Muzerolle et al. 2006) and
imaged around a very-low-mass star (CIDA 1;
Pinilla et al. 2018); 2M0444 would be the first
inferred pre-transitional BD disk. Given that pre-
transitional and transitional disks are not uncom-
mon around around T Tauri stars (e.g., Espaillat et
al. 2007; Muzerolle et al. 2010; Kim et al. 2013),
BD disks may exhibit the same types of structures.
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Gaps in protoplanetary disks have been proposed
to be due to several mechanisms, including snow-
lines, photoevaporation, and planet formation. The
small gap in 2M0444 may be explained by higher
dust grain fragmentation at a snowline (e.g., wa-
ter, CO), which could result in a lack of large dust
particles within the snowline (Zhang et al. 2015).
Outside a snowline, the molecule freezes onto dust
particles, increasing their size (Gundlach & Blum
2015). These large particles dynamically decouple
from the gas in the disk and can migrate inside the
snowline, where the molecule sublimates; the dust
particles are more prone to fragmentation and thus
they decrease in size. Therefore, a lack of large
dust grains is expected within a snowline (Pinilla
et al. 2017). To check if a snowline is creating the
gap in 2M0444, we constructed a temperature pro-
file of the disk and compared the temperature at
0.27 au to the condensation temperatures of var-
ious molecules presented in Zhang et al. (2015).
We find the temperature of the disk at 0.27 au to be
117 K. The snowlines of common molecules were
either too warm (H2O at 128–150 K) or too cold
(CO at 23–28 K, CO2 at 60–72 K) to explain the
gap at 0.27 au.
Another proposed explanation of gaps in some
disks is photoevaporation (e.g., Clarke et al. 2001;
Alexander et al. 2006; Owen et al. 2010). Accord-
ing to this mechanism, a small gap should open
in the outer disk, and the inner disk should ac-
crete onto the star. Given the low accretion rate
of 2M0444, its clearing could potentially be due
to photoevaporation (Owen & Clarke 2012). How-
ever, photoevaporation models more easily explain
disks with holes and not gaps, given that the iso-
lated inner disk should accrete quickly onto the star
once the gap has opened.
A third explanation for the presence of a gap in
the disk of 2M0444 is a forming planet. As plan-
ets form in a protoplanetary disk, they clear mate-
rial from the disk (Kley, & Nelson 2012; Baruteau
et al. 2014). Planets are able to reproduce the
substructure seen in several disks (Zhang et al.
2018). A planet forming close to the central BD
in 2M0444 could potentially clear out the material
in the innermost 0.27 au as it forms in the disk.
SED modeling is sensitive to small gaps in the
inner disk, but not to those in the outer disk (Es-
paillat et al. 2010). ALMA will not be able to re-
solve the small inner disk gap in 2M0444 that is
inferred here. However, ALMA can resolve small
gaps further out in the disk to which our SED mod-
eling was not sensitive. High-resolution images of
BD disks are necessary to determine whether they
contain similar substructures as those seen in disks
around more massive stars (Andrews et al. 2018),
and if so, whether these substructures are created
by the presence of forming planets.
5. SUMMARY
We obtained measurements of the disk mass and
radius for 2MASS J04394748+2601407 (CFHT
Tau 4) and 2MASS J04442713+2512164 (2M0444),
two protoplanetary disks around BDs in the Taurus
Molecular Cloud, by simultaneously fitting their
SED and ALMA Band 7 continuum data in order
to assess proposed formation mechanisms for the
BDs as well as the potential for planet formation
in the disks.
We find that the disk of 2M0444 contains enough
material to form Earth-mass planets (2.05 MJup),
but the disk of CFHT Tau 4 (0.42 MJup) is not
massive enough for planets to form, based on the
results from Payne & Lodato (2007). Other works
find disks around BDs with similar masses to that
of CFHT Tau 4; 02M0444 may be unusual in its
ability to form planets.
The disk radii we determine from our ALMA
models (80 au for CFHT Tau 4, 100 au for
2M0444) suggest that both objects likely did not
form via ejection from their formation region;
these radii are larger than those expected from the
Bate et al. (2003) and Bate (2012) ejection simu-
lations. However, given that the disks studied here
are some of the brightest known BD disks, these
disks may be among the largest BD disks; other,
fainter BDs may be surrounded by smaller disks.
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More ALMA observations of dimmer BD proto-
planetary disks are necessary to better understand
the overall distribution of disk radii, which will in
turn inform us about the formation mechanism of
these objects.
Finally, our models indicate that the disk of
2M0444 is a pre-transitional disk with a gap be-
tween 0.02 au and 0.27 au. High-resolution obser-
vations with future facilities such as the ngVLA
may be able to resolve this gap.
This paper utilizes the D’Alessio Irradiated Ac-
cretion Disk (DIAD) code. We wish to recog-
nize the work of Paola D’Alessio, who passed
away in 2013. Her legacy and pioneering work
live on through her substantial contributions to the
field. We thank the referee for their constructive
comments. We thank Sarah Luettgen and Con-
nor Robinson for helpful discussions. The authors
acknowledge support from the National Science
Foundation under Career grant AST-1455042 and
the Sloan Foundation.
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